Abstract. Euphausia pacifica were collected in the Yellow Sea in summer (August, 1997) and winter (February, 1998), and their distribution was investigated in terms of the developmental stages in relation to environmental factors (temperature, salinity and chlorophyll a). In summer, the water column was highly stratified with a thermocline between 10-30 m depth, whereas the water column was well mixed in winter. Seasonal variation in temperature was large, ranging between 6.3 and 28.8°C in summer and 3.9 and 12.2°C in winter. Chlorophyll a concentration changed little seasonally but a high concentration was observed in coastal areas. Salinity in the two seasons varied little spatiotemporally. In the studied area and sampling period, E.pacifica was the most dominant euphausiid species (99.7 and 99.8% in summer and winter, respectively), and comprised adults and juveniles (74.6% in summer and 41.9% in winter), furcilia (17.5 and 44.9%) and calyptopis (7.9 and 13.1%). The spatial distribution of the E.pacifica population varied seasonally depending on developmental stage and appeared to be related primarily to the seawater temperature and secondly to the chlorophyll a concentration, but not to salinity. In summer, adults were abundant in areas below 10°C, and furcilia and calyptopis above 9°C. In winter, adults were confined to areas between 7 and 10°C, and furcilia and calyptopis, to areas between 6 and 8°C. Furcilia and calyptopis were concentrated in the vicinity, or at the center of chlorophyll a-rich water masses, whereas adults seemed to avoid those water masses.
Introduction
Euphausiids, of which there are 86 species around the world (Baker et al., 1990) , are among the dominant organisms in terms of abundance and biomass in the marine zooplankton community (Mauchline, 1980) . They are an important component of marine pelagic food webs as they are recognized as prey for commercial fishes such as hair-tail, salmon, herring, sardine, mackerel and baleen whales (Ponomareva, 1963; Ito, 1964; Komaki, 1967; Mauchline and Fisher, 1969; Mauchline, 1980) . Euphausia pacifica, the dominant species of euphausiid in the North Pacific (Boden et al., 1955; Brinton, 1975) , dominates the zooplankton community in the East Sea (Sea of Japan) (Mauchline, 1980) . In Korean waters, studies on euphausiids are scarce. For the Yellow Sea, Hong (Hong, 1969) reported two species of euphausiids, E.pacifica and Pseudeuphausia latifrons and Suh (Suh, 1990) , P.sinica. Chen (Chen, 1991) reported the distribution of E.nana and P.sinica, and Lee et al. (Lee et al., 1998) , that of E.pacifica and P.sinica. Recently, Suh et al. (Suh et al., 1998 ) studied E.pacifica collected in the drum screen of the Uljin Nuclear Power Plant on the east coast of Korea.
In the present study, we report preliminary results of a series of investigations on the euphausiids in the Yellow Sea, in particular the population structure and detailed spatial distribution of E.pacifica in summer and winter in terms of developmental stage in relation to environmental factors (temperature, salinity and chlorophyll a).
Method
The sampling area was between 34 and 37°N and 124 and 126°30Ј E (Figure 1 ). This area was regularly surveyed, bi-monthly, to monitor the physical, chemical and biological characteristics. Euphausia pacifica used in this study were collected during cruises in August, 1997 and February, 1998 . Sampling was done without distinction between day and night. In general, however, the coastal stations were visited during the day and the others at night. Euphausia pacifica were collected with an Omori-type conical net (mesh size: 500 µm; mouth diameter: 1 m) hauled vertically from near the bottom (~5 m) to the surface at a speed of ~1 m s -1 . The samples were immediately preserved with borax-neutralized formaldehyde to a final concentration of 10% (v/v). Their developmental stages (adults including juveniles without sex distinction, furcilia and calyptopis) were sorted and identified to species level under the dissecting microscope (Olympus SZX 12) according to the descriptions given in Brinton (Brinton, 1975) , Ross (Ross, 1981) and Baker et al. (Baker et al., 1990) . Total length, from the base of the eyestalk to the last (6th) abdominal segment, was measured for 1697 individuals in the summer and 967 individuals in the winter population without distinction of sex or developmental stage. Cohort analysis was achieved using the data on total length according to the graphical method described in Ghéno and Leguen (Ghéno and Leguen, 1968) . Samples for estimation of environmental factors, such as water temperature and salinity, were collected with CTD (Seabird Electronics, model 19). For the measurement of chlorophyll a, seawater samples were taken from 0, 10, 20, 30, 50 m and near the bottom (~2 m) with 2.5 l Niskin bottle mounted on a rosette sampler (Guildline Co.), and 1 l was filtered through a 47 mm Millipore membrane filter (pore size 0.45 µm) at a vacuum pressure of 100 mmHg and immediately stored in a freezer (-20°C) . Chlorophyll a was measured later, in the laboratory, with a UV-visible Spectrophotometer (Varian, model Cary 1E) after dissolution of the filter in 90% acetone for 24 h in a refrigerator (≤4°C).
Throughout this work, August and February samples are designated as summer and winter samples, respectively, and the study area is divided, in order to facilitate comparison between stations, into northern, central and southern areas in latitude and as coastal, inner neritic and outer neritic areas in longitude (Figure 1 ).
Results
Measurements of temperature, salinity and chlorophyll a concentration in the studied area are presented in the Table I . In summer, temperature varied between 6.3 and 28.8°C (Table I ). It decreased with depth, reaching below 10°C in the inner and outer neritic areas, indicating the presence of the Yellow Sea Bottom Cold Water (YSBCW) in these areas (Lie, 1984 (Lie, , 1986 Seung, 1992) . A thermocline was formed between 10 and 30 m depth. In the coastal area, the temperature gradient was not so pronounced. In winter, the water masses were well mixed and the temperature varied between 3.9 and 12.2°C.
In contrast to the temperature, salinity varied little. In summer it varied between 28.90 and 33.67 psu and increased slightly with depth. Low salinities were observed in the surface layers of the coastal and inner neritic areas, and high values at depths below 30 m, notably in the region of YSBCW. In winter, it varied between 32.26 and 33.84 psu and showed no apparent vertical variation.
Chlorophyll a concentration showed no remarkable seasonal variation. It was high in the coastal area and low in the inner and outer neritic areas. It is noted that the lowest values of the averaged chlorophyll a concentration were recorded from the southeastern coastal waters. The range of variation was large (Table I) .
In summer and winter, two species of euphausiid, Euphausia pacifica and Pseudeuphausia latifrons, were collected, the former dominating the euphausiid community of the studied area (99.7 and 99.8 % in summer and winter samples, respectively). The latter was observed only in the southern and southeastern areas. The summer population was dominated, in order, by adults, furcilia and calyptopis (74.6, 17.5 and 7.9%, respectively). In winter, the proportions were 41.9% for adults, 44.9% for furcilia and 13.1% for calyptopis. Results of the cohort analysis also showed changes in population structure. The number of cohorts varied from five for the summer population to three for the winter population in terms of proportion and modal length variation (Table II) . The results of the population dynamics of 18 months' study will be published later.
The spatial distribution of the E.pacifica population differs with season and developmental stage. In order to understand their relationship, distributions were Table I . Temperature, salinity and chlorophyll a concentration in summer and winter in areas depicted in Figure 1 Depth (m) Temperature (°C)
Avg.
SD Range
No.
Avg. compared graphically with seawater temperature, salinity and chlorophyll a at the surface and at 10, 20, 30, 50 and 75 m depth (Table I) . It appeared that the distribution of E.pacifica was closely related to the seawater temperature and chlorophyll a concentration of a specific depth, but not with salinity. In summer, the spatial distribution of E.pacifica is related to the temperature at 50 m depth and chlorophyll a at 20 m depth. The population seemed to be confined to the water masses below 16°C. Adults were abundant in the central and southern sites ( Figure 2a) ; the temperature at 50 m depth was below 10°C and chlorophyll a concentration was relatively low (Figure 2c ). Furcilia larvae ( Figure 3a) were abundant in the inner and outer neritic areas and seemed to avoid the YSBCW at the central longitude of the Yellow Sea; they were found above 9°C and in the vicinity of a high chlorophyll a water mass (Figure 3c ). Calyptopis larvae were observed in very similar locations to those of furcilia ( Figure 4a ) but showed maximum abundance in the vicinity of high chlorophyll a water masses ( Figure  4c ). In winter, the spatial distribution of the E.pacifica population extended into the coastal areas and corresponded well with temperatures at all depths, and with chlorophyll a concentration at 20 m depth. Adults were observed in the central and southern coastal and inner neritic areas but a relatively high abundance was also found in the northern coastal area (Figure 2b ) in which the temperature varied between 7 and 10°C. They were rare in chlorophyll a-rich water masses (Figure 2d ), as in summer. Furcilia larvae were abundant in the central and northern inner neritic areas (Figure 3b ) but low in the southern area. They were found extensively at 6-8°C and at the center of high chlorophyll a water masses ( Figure  3d ). Calyptopis larvae were concentrated in the central coastal area and in the inner neritic sites of the northern area (Figure 4b ). These water masses were between 6 and 8°C and with a high chlorophyll a concentration (Figure 4d ). We also noted differences in catches between day and night. The day and night catches for adults were, on average, 0.10 and 0.33 ind. haul -1 in summer and 0.14 and 0.28 ind. haul -1 in winter, respectively; the difference was significant (t-test, P < 0.05) for adults but not for furcilia and calyptopis larvae (t-test, P > 0.05). Figure 5 shows the abundance of E.pacifica adults with sampling time and it is noted that high abundance was recorded in night time samplings. These results indicate that the vertical distribution of E.pacifica differs according to time of sampling and also according to the developmental stage.
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Discussion
Euphausia pacifica populations in summer and winter were studied for the first time in the Yellow Sea. The data showed some relevant results concerning the dominance of E.pacifica, change in population structure with season, and differences in horizontal distribution with season and developmental stage. Seasonal changes in the physical characteristics of the study area were in accordance with previous results (Lie, 1984 (Lie, , 1986 Seung, 1992) . They were induced by the seasonal surface cooling-warming and by tidal action. In view of the shallow water [44 m on average (Lee et al., 1998) ], changes in the air mass temperature directly influence the stability of the water masses and therefore, mixing of water masses occurs in winter and strong stratification is observed in summer. From spring to late fall, the cold water mass (YSBCW) originated from the cold winter water, with low temperature (<10°C) and relatively high salinity (>32 psu), persists in the central area of the Yellow Sea (Lie, 1984 (Lie, , 1986 Seung, 1992) . This water mass is disrupted in winter and regenerated in the following spring. Tidal mixing dominates in the coastal region. These changes in physical characteristics also induce subsequent changes in chemical and biological characteristics during the season, such as phytoplankton and zooplankton biomass and species composition (D.Lim and S.H.Cho, submitted).
Neither the presence of two species of euphausiid, E.pacifica and P.latifrons, nor the dominance of E.pacifica, has previously been reported for the Yellow Sea. Euphausia pacifica was known to be distributed in the North Pacific, ranging from 40-50°N to 25°N (Brinton, 1976) , including the East Sea (Sea of Japan) (Mauchline and Fisher, 1969) and the Yellow Sea (Hong, 1969; Suh et al., 1994) . Mauchline (Mauchline, 1980) reported the southern limit of their distribution to be the 9.5°isotherm at 200 m depth. Brinton (Brinton, 1976) also reported that in the California Current, daytime vertical distribution of E.pacifica was confined to below 150 m depth at which the temperature was less than 10°C [station 100.30 (Brinton, 1976) ]. This temperature was matched by that of the YSBCW below 30 m depth even in the summer season. The other euphausiid, P.latifrons, was known to be the dominant species in the Indo-West Pacific coastal area (Boden et al., 1955; Brinton, 1975) . The occurrence of this species led us to assume that they had drifted to the southern areas of the Yellow Sea via the Tsushima Warm Current. It should be noted the temperature, among other environmental factors, of the Yellow Sea is considerably lower than those of the areas where P.latifrons is abundant [Gulf of Thailand and South China Sea, ~21-30°C (Brinton, 1975) ]. The E.pacifica population was composed of varying proportions of adults, furcilia and calyptopis according to season. The number of cohorts, their modal length, and their proportion in the population, also varied (Table II) . In principle, the population structure drawn from analysis of developmental stages and cohort analysis should agree if spawning happens all at once and is well segregated in time. If not, some overlaps between cohorts should exist. Therefore, the spawning mode determines the population structure; the more the spawning time is extended, the more cohorts exist with a high degree of overlap. The presence of calyptopis larvae in both seasons seems to indicate that spawning was extended in time in the Yellow Sea. It is also assumed that frequency of spawning is higher in summer than in winter. This type of reproduction in E.pacifica was reported previously by Smiles and Pearcy (Smiles and Pearcy, 1971 ) and Brinton (Brinton, 1976) , and for other euphausiids [e.g. Nyctiphanes couchi (Lindley, 1982) ; N.simplex (Lavaniegos, 1994) ]. Comparison of the proportion of the largest size (5th cohort in summer and 3rd in winter) reveals that mature adults were more abundant in winter.
The spatial distribution of E.pacifica differed with developmental stage; adults were most abundant in the central area in the Yellow Sea Bottom Cold Water, which the furcilia and calyptopis larvae appeared to avoid. The calyptopis larvae concentrated towards the chlorophyll a-rich water mass, which the adults seemed to avoid. This suggests that the spatial distribution of E.pacifica is governed primarily by the seawater temperature; the adults prefer the cold water, whereas the furcilia and calyptopis do not. The feeding regime should also differ according to the developmental stage in order to show such a clearly defined spatial distribution; the calyptopis should be phytophagous whereas the adults are not (Mauchline, 1980) . It can be speculated that the adults reproduce at the center of chlorophyll a maximum water masses, in general, the coastal area, where the larvae can grow under good feeding conditions; as they grow, their feeding regime changes and they move to the central area of the Yellow Sea. The spatial distribution of E.pacifica larvae was almost identical to that of the E.pacifica population off the Oregon coast (Smiles and Pearcy, 1971) , and to N.simplex in Californian coastal areas (Lavaniegos, 1994) . Euphausia pacifica adults seemed to undergo a diurnal vertical migration (Brinton, 1967) , known for many other species of euphausiid [e.g. (Brinton, 1967; Youngbluth, 1976; Sameoto et al., 1987; Barange, 1990) ]. In general, many species of euphausiid have been reported as intensive diurnal vertical migrators, and their vertical distribution patterns change with developmental stage [e.g. (Brinton, 1967; Hirota et al., 1984; Barange, 1990) ]. The same conclusion could be drawn from the present study.
However, in the present study, we used a relatively small-sized net (1 m diameter) with a relatively large mesh size (500 µm) without distinction of day and night. This could result in avoidance by adults (Brinton, 1967; Wiebe et al., 1982) , escape of small-sized individuals, notably calyptopis and furcilia, and finally, misinterpretation of their spatial distribution. Taking these factors into account, an effective sampling plan should be designed for further studies.
